The local cerebral metabolic rate for glucose was determined in 26 regions of the brain in 31 healthy subjects who underwent resting fluorodeoxyglucose pos itron emission tomography. Intercorrelations among the 26 regional measures were accepted as reliable at p < 0.01 (r > 0.45), uncorrected for the number of measures. From the matrix two apparently separate functional met abolic systems were identified: (1) a superior system in volving the superior and middle frontal gyri, the inferior Abbreviations used: FDG, Fluorodeoxyglucose; LMRGlc, local cerebral metabolic rate for glucose; PE T, positron emission tomography; rCBF, regional cerebral blood flow.
Previous studies using [ 1 8 F]fluorodeoxyglucose (FDG) positron emission tomography (PET) have reported normal mean and local cerebral metabolic rates for glucose (LCMRGlc) (Phelps et aI. , 1979; Reivich et aI., 1979; Huang et aI., 1980; Kuhl et aI., 1980; Mazziotta et aI. , 1981a; Kuhl et aI. , 1982) .
These studies emphasized what occurs in the whole brain and in specific regions but did not consider how regional metabolism may vary depending on what occurs in other brain regions. These regional relationships are important because brain regions do not function in isolation but rather in an envi ronment which includes many other interconnected regions. When metabolic changes occur in one re gion, changes occur in adjacent and distant regions depending on the function and innervation of these regions. Likewise, when changes occur in other brain regions, there may be an effect on the metab olism in the region of interest.
In previous PET studies on stroke patients, changes were seen in the metabolism and regional blood flow (rCBF), including decreased metabolism 1 parietal lobule, and the occipital cortex; and (2) an infe rior system involving the inferior frontal, Broca's, and posterior temporal regions. Evidence is presented to sug gest that the superior system is involved in visual pro cessing, memory recognition, and decision making, while the inferior system seems to at least participate in lan guage-related functions. Key Words: Fluorodeoxyglu cose-Glucose utilization-Positron emission tomog raphy.
in areas adjacent to and at a distance from the in farct, including the ipsilateral thalamus, caudate, and contralateral cerebellum. Likewise, distal cor tical regions within the same and opposite hemi spheres have also been noted to be depressed rel ative to the contralateral hemisphere (Kuhl et aI., 1980; Baron et aI., 1981; Lenzi et aI., 1981; Metter et aI., 1981a; Phelps et aI., 1981) . Similar distal cor tical changes have been observed using xenon rCBF techniques (H�edt-Rasmussen and Skinh�j, 1964; Paulson et aI., 1970; Meyer et aI., 1979) .
Thus an understanding of regional metabolic re lationships in the normal brain is important in un derstanding the disruption of functional pathways in pathological states. In fact, in studies on patients with Alzheimer's, Huntington's, and Parkinson's diseases we have noted that changes occur in re gional metabolic relationships, as measured by re gion-to-region correlations, when compared to age matched controls . For ex ample, a decrease was found in the number of cortical-to-cortical metabolic correlations in Parkin son's and Huntington's diseases as compared to age-matched controls. For these reasons, a better understanding of regional relationships in normal, healthy individuals may improve our understanding of brain function and may suggest metabolic brain systems worthy of further investigation.
METHODS
The study included 31 healthy, normal volunteers 24-78 years of age, with a mean age of 51 years. Five indi viduals were studied from each decade from age 20-29 to age 70-79 (while six were studied from age 60-69). Each subject underwent FDG PET on an ECAT II (Ortec, Oak Ridge, TN, U.S.A.) with a resolution of 1.6 cm full width at half maximum (Phelps et aI., 1978) . Subjects lay quietly on the padded bed of the tomograph with both eyes and ears open. They remained in a resting state throughout the study, essentially seeing and hearing the ambient conditions within the laboratory. They were in jected with 5-10 mCi of 18FDG intravenously, and arteri alized venous blood samples were taken. After 40 min, multiple scans were taken at 0° to the orbital-meatal lines and were completed after an accumulation of 2-3 million counts per image. Image values were converted to LCMRGlc values based on the model of Huang and Phelps using constants derived from normal young adults (Phelps et aI., 1979; Huang et aI., 1980) in units of mi cromoles per minute per 100 grams. In a previous study, Hawkins et al. (1983) showed from kinetic studies that there was no significant difference between the rate con stants for normal elderly subjects and those for normal young controls.
The metabolic scans were displayed on a video monitor in transverse sections, and regions of interest were out lined. Thirteen regions of interest were selected from each hemisphere ( Fig. I) , including measures of the frontal (F3, F2, Fl), Broca's (B2, Bl), parietal (P), Wer nicke's (W2, WI), posterior temporal (T2, Tl), occipital (0), caudate (Cd), and thalamic (TH) regions. The ap proximate regions were obtained from three tomographic sections which were peri-sylvian in location and are il lustrated on the right in Fig. 1 . Of particular interest is the F3 region which will be referred to as "high frontal." This region includes parts of both middle frontal and su perior frontal gyri (Matsui and Hirano, 1978) . Broca's region includes the posterior inferior frontal region. Wer nicke's area consists of the middle and posterior parts of the superior temporal lobe, while T2 and Tl include the posterior aspects of the middle and inferior temporal gyri.
The LCMRGlc was converted to what will be called a "reference ratio" by dividing values for specific regions by the mean for the 26 regions for the subject. This mea surement was utilized to minimize effects due to mea surement errors and individual variations in mean glucose metabolism (Phelps et aI., 1981) , and because the prin cipal interest of the study was regional variation, not ab solute metabolism. The reference ratio procedure is equivalent to the landscape method used by Phelps et al. (1981) and by Mazziotta et al. (1982) for brain stimulation paradigms.
RESULTS
LCMRGlc values were determined as described above for the 13 brain regions in each hemisphere and are presented in Fig. 2 . Note the large regional variations. When transformed to the reference ratio ( Fig. 3) , as expected, the variation within a region is much less than with LCMRGlc. This can be ac counted for by the removal of individual variation caused by mean CMRGlc differences between sub- 1984 FIG.1. Thirteen regions of interest were evaluated from each hemisphere and are diagrammed here. Transverse illustra tions were prepared from the atlas by Matsui and Hirano (1978) which shows sections at zero degrees to the cantho meatal line. The metabolic regions from transverse sections were then projected onto the lateral brain surface. The top right scan was projected to the top row on the lateral pro jection, the middle scan projected to the middle row, and the lower scan projected to the lowest row. The numbering was 3 for measurements from the top scan, 2 for the middle scan, and 1 for the lowest scan. Areas B1, B2, and W2 fold into the sylvian fissure and do not cross it. jects and errors in the measurement of LCMRGIc that are common to each region. As can be seen from Figs. 2 and 3, the occipital regions showed the highest relative metabolic rates, while the rates for the posterior temporal (T2, Tl), parietal, (P) and frontal (F2, Fl) regions were relatively decreased. This relative depression in part may reflect partial volume differences, as these regions have the least degree of cortical infolding and thus in each pixel less cortical tissue appears as compared to other cortical regions, such as W2 and WI which include the superior temporal gyrus as it infolds into the sylvian fissure (Mazziotta et aI., 1981b) . A correlation matrix was calculated for the 26 metabolic regions for the 31 subjects and is pre sented in Ta ble 1. Correlations were accepted as reliable at r > 0.45. This represents a significance level of p < 0.01 unadjusted for the number of mea sures. Reliable correlations are presented in Fig. 4 .
Several sets of relationships are of interest based on Fig. 4 . First, there is an anterior-to-posterior gra dient in the correlations. All correlations noted be tween anterior and posterior regions were negative correlations. This implies that, when metabolism in creased in the frontal regions, it tended to decrease in the posterior regions, and vice versa. The parietal measures were found to relate more to the anterior group of measures than to the posterior group.
Second, values on the diagonal reflect reliable correlations between homologous regions in the left and right hemispheres. By examining Fig. 3 , the left/right ratio between the homologous regions for each area is approximately 1. 0, implying that left and right hemisphere LCMRGIc values are approx imately the same for these mirror regions. This has been consistently seen in our studies on normal in dividuals (Kuhl et aI., 1980; Mazziotta et ai., 1981a; Kuhl et ai., 1982) .
A third set of reliable correlations involved the metabolism of the high frontal (F3) region, which showed positive correlations with the parietal re gion (P) and negative correlations with the occipital (0) regions bilaterally. In addition, the parietal re gion showed negative correlations with the occipital area and also negative correlations with the caudate nucleus (Cd). These correlations can be illustrated in Fig. 5 . Figure 5 (left) shows the reliable corre lations with the left superior frontal region (the cross-hatched area). Areas with reliable correla lations are hatched. Figure 5 (right) demonstrates correlations with the right parietal region using the same notation. A fourth set of significant correlations are present in a more diffuse manner. These include correla tions between the Wernicke's (WI, W2), posterior temporal (TI, T2), inferior frontal (Fl), and Broca's (B 1, B2) regions. Figure 6 shows the reliable cor relations with the left inferior frontal region. Some overlap in the reliable correlations between the second and third set of relationships is apparent.
DISCUSSION
This study demonstrates four sets of regional in terrelationships: (1) negative frontal-posterior re lationships; (2) correlations between homologous regions in each hemisphere, as demonstrated by the diagonal entries; (3) a set of relationships among the high frontal, parietal, and occipital regions; and (4) another set of reliable correlations involving the in ferior frontal, Broca's, Wernicke's, and posterior temporal regions. The presence of these metabolic relationships suggests that some underlying func tion may be associated with these metabolic cor relations.
J Cereb Blood Flow Metabo!. Vol. 4. No.1. 1984 The presence of negative correlations between the frontal and posterior regions is consistent with the hyperfrontality noted by Ingvar (1979) , who measured rCBF with xenon, and Kuhl et al. (1982) , who measured LCMRGlc. Ingvar stated that the relative increase in frontal rCBF (10-20%) over posterior regions was related to "anticipatory fac tors" in the subject during the study, while low pos terior measures were associated with limited sen sory input. In our study, the hyperfrontality was not as extensive and was apparent only when com paring superior frontal to posterior temporal regions (TI, T2), while the occipital and Wernicke's regions had values that were on the average higher than frontal measures (Fig. 2) . This is probably related to several factors. The frontal and temporal regions examined in this study are somewhat different from the regions examined by Ingvar (1979) . Second, the high rate of occipital metabolism was not found with rCBF by Ingvar because the xenon technique does not directly examine mesial temporal cortex. A third consideration relates to differences in the resting states in the two studies. In Ingvar's study eyes were occluded, thus eliminating visual stimu lation. Our study, while consistent with the concept of hyperfrontality, extends the concept by showing a negative relationship between frontal and poste rior metabolism. This implies that, when frontal ac tivity is relatively high, there is a relative depression of posterior metabolism. Likewise, when posterior metabolism is relatively high, there is a relative depression of frontal activity. The interhemispheric regional correlations for homologous areas were not unexpected. Mazziotta et al. (1981a) have demonstrated that regional met abolic rates for the same region in each hemisphere are approximately equal. Similar findings have been noted with rCBF (Risberg et al., 1975; Prohovnik et aI., 1980) . Prohovnik et al. (1980) noted strong interhemispheric correlations for rCBF for essen tially all regions using an initial slope calculation. With the Fg method of calculation, though, the interhemispheric relationships were more selective, showing a loss of frontal relationships. Our findings are more consistent with their initial slope results. Differences may occur based on sex and handed ness, as females and the right-handed were noted to have greater brain symmetry than males or the left-handed based on rCBF (Warach et aI., 1982) . Also, females and the left-handed had higher hemi spheric blood flow than males and the right-handed . In contrast, Prohovnik et al. (1980) found that the degree of right-handedness af fected interhemispheric relations, right hemisphere flow being higher than left in strongly handed males. Although we did not consider sex and hand edness as separate variables, 70% of our study sample were females and all were reported to be right-handed; therefore, our observations were biased in favor of symmetry. The high degree of symmetry in metabolism in the left and right hemi spheres reflects the yoked activity of homologous regions through callosal connections. The presence of these connections has been used to explain the presence of mirror foci in the contralateral hemi sphere of epileptic patients and as a rationale for callosal sectioning in the treatment of intractable seizures (Bogen et aI., 1965) .
The high frontal, parietal, and occipital relation ships suggest at least three possible functional roles. First, these areas are known to be involved in visual function. The occipital lobe includes pri mary and secondary visual regions, while the frontal region includes the frontal eye fields. The observed metabolic relationship between these two areas may reflect some aspects of visual processing, the control of eye movements, and the visual atten tion system for maintaining fixation on an object. The areas are known to be connected by the su perior longitudinal fasciculus which runs from the occipital to the frontal region through the inferior parietal region. The inferior parietal relationship to this system may involve attentional aspects of vi sual awareness.
A second possible function may truly be an at tentional one. Mesulam (1981) has noted that con nections occur between the cingulate gyrus, the in ferior parietal region, the occipital region, and the frontal region, and that these four areas together, possibly through visual organization, may be in volved in arousal and the ability to attend to visual (with occipital) and auditory (with parietal) mate rials. Destruction of the attentional mechanism leads to an inability to focus on or to follow se quentially presented material, as is seen in superior frontal lesions. Risberg et al. (1977) have shown habituation of frontal activation on repeated testing with Raven's progressive matrices, which they in terpret as indicating a role for the frontal lobe in "habituation to new situations and tasks." This suggests that frontal lobes are most active during novel situations when the greatest attention is re quired.
A third possibility, which may be related to the other two mechanisms, has been demonstrated by Riege et al. (1982) in a study of 23 of the 31 patients from this study. Correlations were examined be tween metabolism and a battery of 22 memory sub tests administered at approximately the time of the FDG study. The cross-correlation matrix demon strated that the high frontal region was corre lated with memory recognition for complex visual items and discrimination of rhythm or design, while occipital and posterior temporal reference ratios were correlated, respectively, with immediate and delayed decision criteria. Decision criteria are an estimate of a subject's willingness to guess or how certain he is that he remembers correctly. These relations suggest that the superior frontal and oc cipital areas are very much involved in normal memory and decision making. The absence of cor relations with the parietal region suggests that this system, although most likely subserving attention, is primarily involved in the visual processing of memory and secondarily in attention. Similar find ings have been found with rCBF studies during im mediate recall (digit span backward) and reasoning tasks (Risberg and Ingvar, 1973; Risberg et al., 1977) in which the greatest activity was found in "prerolandic-anterior frontal," and temporal occip ital areas. Constantinidis et al. (1978) have noted that the degree of eye movement is correlated with overall cognitive ability. This observation is consis tent with our finding of a relationship between the superior frontal and occipital regions and memory recognition and decision. However, this system does not seem to be completely independent of the inferior frontal, Broca's, and the temporal region system, since the metabolism in Broca's region was in part correlated with these same memory recog-J Cereb Blood Flow Metabo/, Vol. 4, No. I, 1984 mtlon skills . Interactions be tween such systems are not unexpected in a nor mally functioning brain.
The third set of metabolic relationships involved the inferior frontal, Broca's, Wernicke's, and pos terior temporal regions. Previous studies on aphasic patients have demonstrated a relationship of metab olism in these regions to language function (Metter et al., 1981a,b) . The left and right posterior regions are important in language recognition and in the re ception and initial processing of language, while an terior peri-Sylvian regions are important in further sequential processing and motor programming for verbal output. The data from our study are consis tent with these findings and suggest that the peri Sylvian regions form a functional metabolic system in which metabolism in one region very much de pends on metabolism in associated regions involved in language processing.
This study demonstrated the usefulness of de riving regional correlations in attempting to under stand normal brain function, In preliminary studies we have noted changes in these regional interre lationships in chronic neurologic diseases and in normal aging . These findings suggest that further, more de tailed evaluation of regional metabolic relationships may enhance the understanding of normal and pathologic brain function.
